and Berea sandstone to evaluate the repeatability of MIP data. Gas diffusivity results are consistent with literature data using the gas diffusion methods. Our results show that the relationship between gas diffusivity and porosity is analogous to Archie's law and that two groups of rocks are differentiated according to the cementation factor m value in an Archie's-type relationship. It also appears that gas diffusivity exhibits an increasing trend with an increase of permeability, and two different exponential relationships exist between permeability and porosity for these two groups of rocks.
INTRODUCTION
Diffusion and advection are two important processes controlling mass transport in porous media. The relative contribution of these two processes depends primarily on the properties of the porous medium. For example, Gillham et al. (1984) pointed out that diffusion dominates mass transport when seepage velocity is on the order of 0.005 m/year, which is higher than that of many rocks. Generally, diffusion may be the dominant transport process in porous media with very low permeability (Boving and Grathwohl, 2001) . As a result, a comprehensive understanding of diffusion processes in porous media becomes essential for waste disposal, carbon dioxide storage, evaluation of building materials, and gas production from unconventional reservoirs (e.g., Shackelford, 1991; Seo et al., 2005; Busch et al., 2008; Cui et al., 2009) .
The measurement of diffusivity could be achieved by using liquid-phase or gas-phase tracers. Shackelford (1991) reviewed the methods used to measure effective diffusion coefficients of chemical species and summarized the advantages and disadvantages of each method. The diffusion chamber method has been used to make gas diffusivity measurements in unconsolidated (Rolston and Moldrup, 2002) and consolidated media (Peng et al., 2012) . Mu et al. (2008) indicated that the effective diffusion coefficient is strongly dependent on pore size when the average pore size is less than 1 µm, which is the situation for many rocks. As an advanced tool in characteriz-ing poresize distribution, mercury intrusion porosimetry (MIP) could provide useful information on pore structure (such as porosity and average pore size). Compared with traditional methods (e.g., the gas diffusion approach), determination of gas diffusivity from the pore-size information obtained through MIP is less time consuming (usually requiring less than 2 hours), and MIP covers a wide range of pore sizes (from 10 −4 to 10 −9 m), making it more convenient and applicable. Using MIP, Seo et al. (2005) evaluated the effective diffusion coefficient in building materials and absorbents, and presented the effective diffusion coefficients of different gases for these materials. In this work we investigate the effective gas diffusion coefficients in different types of rocks (sedimentary and igneous) and unconsolidated sediments with different grain sizes, and in building materials. In addition, we explore the correlation of gas diffusivity to porosity and permeability.
MATERIALS
Three types of porous media (listed in Table 1 ) were used in our research. They included two building materials, eight rocks, and four unconsolidated sediments with different grain sizes. All the consolidated samples were reduced to small pieces (>5 mm but <15 mm) according to the dimension of the cylindrical bowl of a penetrometer, which is the sample container by MIP. Sediments were collected from the vadose zone (∼3-4 m below ground surface) of the Integrated Field-Scale Research Challenge site at the Hanford 300 Area in Richland WA, and were sieved into four groups of <75 µm, 75-500 µm, 500 µm-2 mm and <2 mm (Du et al., 2012) . During MIP tests, these unconsolidated samples were placed in a penetrometer specially designed for powder samples.
Before MIP testing, all the samples were oven-dried at 60
• C for at least 48 hours, and were then cooled to room temperature (∼22.5
• ) in a desiccator. Porosity, average pore size d a (defined in Section 3.2.2) and median pore size (d 50 ), which is the pore diameter corresponding to 50% mercury saturation, were obtained from the results directly reported by MIP. The calculation of permeability and diffusivity was based on these poresize data, as described in detail in the next section
GAS DIFFUSIVITY: THEORETICAL BACKGROUND AND MEASUREMENT BY MIP

Definition of Diffusivity
Gas diffusion in porous media is a process caused by the random thermal motion of gas molecules, which can be described by Fick's first law, which takes the form of Eq.
(1) if the diffusion occurs under steadystate conditions in a one-dimensional system at uniform temperature and pressure (Boving and Grathwohl, 2001) : (Grathwohl 1998) , in a form analogous to Archie's law;
where φ a is air-filled porosity and m is an empirical exponent called cementation factor The m value in Archie's relationship [Eq. (2)] depends on the pore geometry of the porous media and several different m values are reported in the literature (Peng et al., 2012) . For example, Archie (1942) reported m value from 1.8 to 2.0 for consolidated sand, and Adler et al. (1992) obtained an m value as 1.64 for Fontainebleau sandstone.
Theoretical Background
MIP as a Characterization Tool
As a well-developed characterization tool, MIP has received attention from many researchers and is commonly applied in pharmacy, civil engineering and reservoir engineering (Westermarck et al., 1998; Tsakiroglou and Payatakes, 2000; Kumar and Bhattacharjee, 2004) .
Because of its nonwetting property to most geological materials, mercury will not invade pores unless it is applied with an external pressure. The diameter of the pores invaded by mercury is inversely proportional to the applied pressure, which is expressed as the following equation developed by Washburn (1921) , based on the assumption that all pores in porous media are cylindrical in shape:
where ∆P is the pressure difference across the curved mercury interface (dyne/cm 2 ); γ is the surface tension of mercury (485 dynes/cm); θ is the contact angle (130
• ) between mercury and the porous media, as reported by Ellison et al. (1967) ; and R is the corresponding pore radius (cm).
Micromeritics AutoPore IV 9510, the instrument used to perform MIP tests in this work, can generate pressure as high as 413 MPa (60-000 psia) during high-pressure analysis. According to Eq. (3), the pore diameter corresponding to this pressure is about 3 nm. The largest pore diameter measurable by MIP during low-pressure analysis is about 300 microns.
However, MIP testing has its shortcomings. Shi and Winslow (1985) pointed out that changes of contact angle and damage to cement paste during the intrusion process should be considered, and that this may complicate MIP data processing. The ideal cylindrical pore shape may not be true (Rojas et al., 2012) , and an ink-bottle effect in MIP has been reported by many researchers (e.g., Moro and Böhni, 2002) . The ink-bottle effect will result in an underestimation of large pores (e.g., Zhou et al., 2010) .
Determination of Gas Diffusivity from MIP Data
Gas diffusion within pore spaces usually has two forms: Knudsen diffusion and normal diffusion (Evans et al., 1961) . The type of diffusion likely to be dominant depends on the relative length of the pore diameter and the mean free path of the gas molecule (Moore and Alzayadi, 1975) . If the mean free path of the gas molecule is much larger than the pore diameter it passes through, then the collision of the gas molecules with the pore walls (i.e., Knudsen diffusion) will be the dominant process. In contrast, if the mean free path is much smaller than the pore diameter, the collisions between gas molecules (normal diffusion) will control the diffusion process, while the Knudsen diffusion is negligible. However, in many real situations these two diffusion mechanisms can simultaneously contribute to the gas diffusion in pore spaces.
For convenience, we arbitrarily chose O 2 with D a = 2.04 × 10 −5 m 2 /s as the pseudogas in the derivation process of this work. The mean free path of oxygen at standard ambient temperature and pressure (25
• , 1 bar) is about 0.073 µm and our MIP results show that the average pore sizes of most samples are at or below this length scale (Table 3) . Because of this, Knudsen diffusion is considered in order to accurately predict diffusivity; this is shown in Eq. (4) which is known as the Bosanquet relation (Pollard and Present, 1948) :
where D is the gas diffusion coefficient [
. The Knudsen diffusion coefficient, D KA , depends on the temperature, molecular weight of gas (O 2 ) and average pore size of the porous medium, as expressed by Eq. (5) (Cunningham and Williams 1980; Kast and Hohenthanner 2000; Seo et al., 2005 )
where T is absolute temperature (K); M is molecular weight of gas (g/mol); and d a is the average pore diameter (m) that is calculated according to the following equation in MIP:
where V is the total intrusion volume (mL/g); and A is the total pore area (m 2 /g). The effective diffusion coefficient was calculated according to the following equation (Evans et al., 1961; Carniglia, 1986; Seo et al., 2005) :
where τ is the tortuosity factor given by Carniglia (1986) as follows:
We should point out that the derivation of Eq. (8) is based on the assumption that cylindrical diffusion paths prevail in the given porous media (Carniglia 1986) .
In summary, after obtaining the average pore size and porosity from MIP tests, we were able to calculate gas diffusivity according to Eqs. (2) and (4)-(8).
Permeability Calculation from MIP Data
Absolute (or intrinsic) permeability, a measure of the relative ease with which a porous medium can transmit a fluid under a potential gradient, is only a property of the porous medium and depends on the pore structure. Many researchers have attempted to derive permeability from MIP data (Kolodzie, 1980; Swanson, 1981; Thompson, 1986, 1987) . Among them, Thompson (1986, 1987) introduced the following equation (referred to as KT method hereafter) to calculate the absolute permeability based on MIP data:
where k is absolute permeability (Darcy); L max is the pore diameter (µm) at which hydraulic conductance is maximum; L c is the characteristic length (µm) which is the pore diameter corresponding to the threshold pressure P t ; φ is porosity and S (L max ) represents the fraction of connected pore space composed of pore width of size L max and larger. Webb (2001) described the KT method [Eq. (9)] in detail for predicting permeability; we obtained the permeability of each sample according to the KT method. The relationship between permeability and porosity will be presented in the Results and Discussion section.
RESULTS AND DISCUSSION
Repeatability of MIP Tests
Berea sandstone and concrete samples were selected for triplicate MIP testing and the remaining samples were tested only once. Ideally, a repeatability test should be carried out on the same sample as previously tested. This is not possible in the case of MIP testing, as the samples remain contaminated with mercury after any MIP test, and thus cannot be used in a subsequent MIP test. Therefore, we chose three representative samples from the same rock type or building material to evaluate the repeatability of MIP. The experimental result of triplicate MIP tests performed on Berea sandstone and concrete are shown in Fig. 1 , and the pore-size results of the repeatability tests are summarized in Table 2 .
In Fig. 1 , the cumulative intrusion curves of Berea sandstone 2 and 3 (B2 and B3) are overlapped with each other while Berea sandstone 1 (B1) shows different behavior. This is in accordance with Table 2 , in which the average pore diameter of B1 is smaller than B2 and B3. This difference probably reflects the heterogeneity of the Berea sandstone. The results of the three samples of concrete are acceptable considering the small pore sizes and heterogeneity of concrete. Table 3 Fig. 2 . Except for one sample of unconsolidated sediment (size fraction 500 µm-2 mm) which shows a marked deviation, and limestone which was not available in Peng et al. (2012) , most of our results are distributed equally near the straight line with slope = 1. This supports the validity of the derivation method of determining effective diffusion coefficient described in this work. Note that the unconsolidated sediment samples were compacted in the gas diffusion chamber method (Peng et al., 2012) , while they were loosely placed into the penetrometer for the MIP tests. The difference in packing and porosity could contribute to the difference in obtained diffusivity for these sediment samples.
Gas Diffusivity
FIG. 1: Cumulative intrusion volume vs intrusion pressure for Berea sandstone
Correlation of Gas Diffusivity with Porosity and Permeability
The exponential relationship between permeability and diffusivity, as shown in Fig. 3 , is weak with a correlation coefficient value of R 2 = 0.549. However, it indeed indicates an increasing trend of diffusivity with the increase of permeability.
According to Eq. (2), we should obtain a linear relationship if we plot diffusivity versus porosity in log scale and the slope of the plot should give the value of m. Figure 4 shows the relationship between D ′ and porosity for our samples. The samples can be divided into two groups according to the different slope (m) value. One group, with m = 1.5, includes dolomite, limestone, Indiana sandstone, Berea sandstone and red brick and the remaining samples fall into another group with m = 2.5.
All four samples of unconsolidated sediment show relatively high m values (from 2.1 to 2.8), and the finer sediment tends to exhibit a larger m value, which is consistent with the conclusion of Peng et al. (2012) . For consolidated samples, we plotted the diffusivity versus median pore diameter (d 50 ) and the two sample groups are shown with different legends in Fig. 5 . We found that these two 
where D ′ denotes diffusivity (dimensionless) and d 50 is the median pore diameter in µm.
Although the MIP-derived gas diffusivities of building materials and unconsolidated sediments are comparable with the measured data (Fig. 2) , the complexity of factitious building materials and the instability of unconsolidated sediments make it difficult to draw further conclusions, and interpretation of the complicated pore structures of these two types of porous medium is beyond the scope of this work. Accordingly the emphasis in the remainder of this section will be on the eight consolidated rock samples.
The relationship between permeability and porosity has been investigated and presented by many researchers (Chilingar et al., 1963; Ma and Morrow, 1996; Tiab and Donaldson, 2004) . We plot the permeability versus porosity for eight rock samples together with two building materials in Fig. 6 . The results show two different exponential relationships with relatively high R 2 (>0.9) for the two groups of samples with different m values. Again, dolomite, limestone, Indiana sandstone and Berea sandstone fall in the same group (m = 1.5), while tuff, mudstone, gray chalk and white chalk belong to the other group (m = 2.5).
For the sample group with m = 1.5, the following relationship exists:
where k is permeability in m 2 and φ a is air-filled porosity. For the group with m = 2.5, the relationship is
CONCLUSION
The objective of this work was to derive gas diffusivity from MIP data and to explore the correlation of diffusivity with permeability and porosity. The repeatability of MIP determinations was evaluated using Berea sandstone and concrete. In terms of average pore size, our results show that the consideration of Knudsen effect in many rocks is necessary. The effective diffusion coefficients (D e ) of three types of porous media (two building materials, eight consolidated rocks and four unconsolidated sediments) were calculated with established equations, using the information on average pore diameter (d a ) and porosity (φ a ), both of which are easily obtained by Carniglia (1986) . However, except for extremely tight rocks such as granite, this method still has a wide applicability. Usually, one MIP test can be completed within 2 hours, which enhances the applicability of this method. An increasing trend of diffusivity with increasing permeability was observable in our results, although the correlation was weak, as shown in Fig. 3 . Diffusivity, calculated according to Eq. (2), was also used to obtain the m value, which is closely related to the pore structure. Two groups of samples were divided according to the m values (m = 1.5 vs m = 2.5). For the consolidated samples, these two groups could be further differentiated from each other according to the median pore diameter (d 50 ) obtained from MIP. When d 50 is larger than ∼0.5 µm, the samples belong to the group with m = 1.5. Conversely, if d 50 is less than ∼0.5 µm the sample probably has an m value of 2.5 and the diffusivity of this sample can be estimated according to Eq. (10). Moreover, the relationship between permeability and porosity was investigated for eight rock samples. Again, dolomite, limestone, Indiana sandstone and Berea sandstone in the group with m = 1.5 exhibited similar behavior, which can be expressed by Eq. (11), while tuff, mudstone, gray chalk and white chalk, all of which belonged to the group with m = 2.5, shared the same power-law form of Eq. (12).
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